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SPECIFICATION 

Electronic Version 1.2.8 
Stylesheet Version 1 .0 

CONTROL STRATEGY FOR AN 
ELECTRIC MOTOR USING REAL 
TIME PREDICTIONS OF MOTOR 
CAPABILITY BASED ON 
THERMAL MODELING AND 
MEASUREMENTS 

Field Invention 

[0001] The present invention relates generally to an electrically powered vehicle, such as 
an electric vehicle (EV), an hybrid electric vehicle (HEV) or a fuel cell vehicle (FCV). 
More specifically, the invention relates to a control strategy for an electric motor. Even 
more specifically, the invention relates to a strategy to control an electric motor using 
real time predictions of motor capability based on thermal modeling and 
measurements. 

Background of Invention 

[0002] The need to reduce fossil fuel consumption and emissions in automobiles and 
other vehicles predominately powered by internal combustion engines (ICEs) is well 
known. Vehicles powered by electric motors attempt to address these needs. Another 
alternative solution is to combine a smaller ICE with electric motors into one vehicle. 
Such vehicles combine the advantages of an ICE vehicle and an electric vehicle and are 
typically called hybrid electric vehicles (HEVs). See generally, U.S. Pat. No. 5,343,970 
to Severinsky. 

[0003] ^. , 

The HEV Is described in a variety of configurations. Many HEV patents disclose 

systems where an operator is required to select between electric and internal 
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combustion operation. In other configurations, tlie electric motor drives one set of 
wheels and the ICE drives a different set. 

[0004] Other, more useful, configurations have developed. For example, a series hybrid 
electric vehicle (SHEV) configuration is a vehicle with an engine (most typically an ICE) 
connected to an electric motor called a generator. The generator, In turn, provides 
electricity to a battery and another motor, called a traction motor. In the SHEV, the 
traction motor is the sole source of wheel torque. There is no mechanical connection 
between the engine and the drive wheels. A parallel hybrid electrical vehicle (PHEV) 
configuration has an engine (most typically an ICE) and an electric motor that work 
together in varying degrees to provide the necessary wheel torque to drive the vehicle. 
Additionally, in the PHEV configuration, the motor can be used as a generator to 
charge the battery from the power produced by the ICE. 

[0005] A parallel/series hybrid electric vehicle (PSHEV) has characteristics of both PHEV 
and SHEV configurations and is sometimes referred to as a parallel/series "split" 
configuration. In one of several types of PSHEV configurations, the ICE is mechanically 
coupled to two electric motors in a planetary gear-set transaxle. A first electric motor, 
the generator, is connected to a sun gear. The ICE is connected to a carrier gear. A 
second electric motor, a traction motor, is connected to a ring (output) gear via 
additional gearing in a transaxle. Engine torque can power the generator to charge a 
battery. The generator can also contribute to the necessary wheel (output shaft) 
torque if the system has a one-way clutch. The traction motor is used to contribute 
wheel torque and to recover braking energy to charge the battery. In this 
configuration, the generator can selectively provide a reaction torque that may be 
used to control engine speed. In fact, the engine, generator motor and traction motor 
can provide a continuous variable transmission (CVT) effect. Further, the HEV presents 
an opportunity to better control engine idle speed over conventional vehicles by using 
the generator to control engine speed. 

[0006] 

The desirability of combining an ICE with electric motors is clear. There is great 
potential for reducing vehicle fuel consumption and emissions with no appreciable 
loss of vehicle performance or driveability. The HEV allows the use of smaller engines, 
regenerative braking, electric boost, and even operating the vehicle with the engine 
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shut down. Nevertheless, new ways must be developed to optimize the HEV's potential 
benefits. 

[0007] One such area of development is controlling the operation of the electric motor or 
motors in the HEV. Such controls include the operation of the electric motor or motors 
in an HEV (and other vehicles propelled by electric motors) that factors the thermal 
limits of the electric motor or motors. Temperature limiting controllers for electric 
motors are known in the art. For example, U.S. Pat. No. 6,291 ,958 Amey et al., 
describes a method for actively controlling the temperature of an electric motor, 
where the operation of the electric motor is adjusted such that the temperature of the 
electric motor does not exceed a predetermined reference limit. 

[0008] Also known in the art are monitors, gauges and displays that show the amount of 
energy assist an electric drive system can provide to the internal combustion engine 
of an HEV. 

[0009] Nevertheless, the ability to determine the amount of energy assist an electric 
motor that factors the thermal limitations of the electric motor remains an unmet 
need in the art. 

Summary of Invention 

[0010] 

Accordingly, the present invention provides a system and method for controlling 
an electric motor (motor) using real time predictions of motor capability based on 
thermal modeling and measurements. The present invention includes a strategy to 
control an electric motor that includes using real time predictions of motor capability 
based on thermal modeling and measurements. The invention can include one or 
more controllers for receiving and processing a plurality of system input signals. A 
first strategy determines a maximum energy amount that can be put into the motor 
before the temperature of the motor rises to a maximum allowable temperature. A 
second strategy determines a motor power assist value the motor can provide In a 
predetermined period of time before the motor reaches the maximum allowable 
temperature. A third strategy determines a battery power assist value. A fourth 
strategy determines a maximum power assist value that is the minimum of the motor 
power assist value and the battery power assist value. A fifth strategy compares the 
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maximum power assist value to a driver demand signal. The minimum of tlie 
maximum power assist value and the driver demand signal can be output to a vehicle 
system controller. 

[001 1] The motor power assist value and the maximum power assist values can also be 
output to the vehicle system controller. The maximum power assist value can also be 
output to a power assist gauge. 

[001 2] The strategy for determining the maximum energy amount can use heat transfer 
determination to calculate the temperature of various motor components as a function 
of time. The strategy for determining the motor power assist value can use a look up 
table to find the maximum power assist value based on current motor operating 
conditions and the maximum energy amount. The battery power assist value is based 
on a battery state of charge signal. The predetermined time period can be based on 
vehicle operating conditions or be a fixed value. For example, a time period of about 
1 0 seconds can be used to represent the time for a typical passing maneuver. 

[001 3] Other features and advantages of the present Invention will become more 

apparent to persons having ordinary skill in the art to which the present invention 
pertains from the following description taken in conjunction with the accompanying 
figures. 

Brief Description of Drawings 

[0014] The foregoing advantages, and features, as well as other advantages, will become 
apparent with reference to the description and figures below. In which like numerals 
represent like elements and in which: 

[001 5] Figure 1 illustrates a general hybrid electric vehicle (HEV) configuration. 

[001 6] Figure 2 illustrates a control strategy for an electric motor using real time 
prediction of motor capability based on thermal modeling and measurements. 

Detailed Description 

[0017] 

The present invention relates to electric motors. As the use of electric motors in 
vehicle applications increases, robust motor operation and diagnosing potential faults 
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becomes an Important factor to assure vehicle drivability and driver expectations is 
becoming more important. This Is especially apparent In the harsh conditions typically 
experienced by motors used as vehicle components. For demonstration purposes and 
to assist in understanding the present invention, the present invention Is applied to an 
hybrid electric vehicle (HEV) application. Figure 1 demonstrates one possible HEV 
configuration, specifically a parallel/series hybrid electric vehicle (split) configuration. 
The present invention Includes a strategy to control an electric motor that includes 
using real time predictions of motor capability based on thermal modeling and 
measurements. 

[001 8] In a basic HEV, a planetary gear set 20 mechanically couples a carrier gear 22 to 
an engine 24 via a one-way clutch 26. The planetary gear set 20 also mechanically 
couples a sun gear 28 to a generator motor 30 and a ring (output) gear 32. The 
generator motor 30 also mechanically links to a generator brake 34 and is electrically 
linked to a battery 36. A traction motor 38 is mechanically coupled to the ring gear 32 
of the planetary gear set 20 via a second gear set 40 and is electrically linked to the 
battery 36. The ring gear 32 of the planetary gear set 20 and the traction motor 38 
are mechanically coupled to drive wheels 42 via an output shaft 44. 

[0019] The planetary gear set 20, splits the engine 24 output energy into a series path = 
from the engine 24 to the generator motor 30 and a parallel path from the engine 24 
to the drive wheels 42. Engine 24 speed can be controlled by varying the split to the 
series path while maintaining the mechanical connection through the parallel path. 
The traction motor 38 augments the engine 24 power to the drive wheels 42 on the 
parallel path through the second gear set 40. The traction motor 38 also provides the 
opportunity to use energy directly from the series path, essentially running off power 
created by the generator motor 30. This reduces losses associated with converting 
energy into and out of chemical energy in the battery 36 and allows all engine 24 
energy, minus conversion losses, to reach the drive wheels 42. 

[0020] 

A vehicle system controller (VSC) 46 controls many components In this HEV 
configuration by connecting to each component's controller. An engine control unit 
(ECU) 48 connects to the engine 24 via a hardwire interface. All vehicle controllers can 
be physically combined in any combination or can stand as separate units. They are 
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described as separate units here because they each have distinct functionality. The 
VSC 46 communicates with the ECU 48, as well as a battery control unit (BCU) 50 and 
a transaxle management unit (TMU) 52 through a communication network such as a 
controller area network (CAN) 54. The BCU 50 connects to the battery 36 via a 
hardwire interface. The TMU 52 controls the generator motor 30 and traction motor 
38 via a hardwire interface to a generator motor control unit (GMCU) 56 and a traction 
motor control unit (TMCU) 58. The control units 46, 48, 50, 52, 56, and 58 and 
controller area network 54 can include one or more microprocessors, computers, or 
central processing units; one or more computer readable storage devices; one or more 
memory management units; and one or more input/output devices for communicating 
with various sensors, actuators and control circuits. 

[0021] The present invention is a strategy to control an electric motor, such as the 

traction motor 38, using real time prediction of motor capability based on thermal 
modeling and measurements- This invention can be in a computer readable format 
embodied in one of the computing devices described above. 

[0022] Figure 2 illustrates the control strategy of the present invention for an electric 
motor using a prediction of the generator/motor 30 (motor 30) capability based on 
thermal modeling and measurements. The strategy starts at 100 and proceeds to 
system inputs at step 102. System inputs 102 can include signals for motor 
temperature, which can be motor stator copper temperature and/or stator iron 
temperature; oil temperature; transmission temperature; ambient air temperature; and 
motor speed (RPM). Additional temperature signals and additional motor operating 
condition signals can be used to further refine the present invention. 

[0023] 

The strategy next proceeds to step 1 04. Using inputs from step 102, the strategy 
determines how much energy can be put into the motor 30 before the motor 30 
reaches a maximum allowable temperature. The maximum energy amount can be 
calculated from the present motor 30 temperature, the ambient air temperature, and 
heat transfer determinations, known in the art, to predict motor temperatures during 
the predetermined time period. The heat transfer determinations can include 
calculating a temperature rise as a function of time of motor 30 components that 
results from motor 30 operation. The motor 30 components can include motor stator 
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copper and motor stator iron. The strategy next proceeds to step 1 06 when the 
maximum energy amount is used as an input. 

[0024] At step 1 06, a look up table can be used to determine how much power the motor 
30 can provide for the predetermined time period before the motor 30 reaches the 
maximum allowable temperature. The look up table can contain data referencing at 
least one of the plurality of system input signals and the maximum energy amount. 
For example, the look up table can use the motor 30 speed, in RPM, and the 
maximum energy amount to determine how much power the motor 30 can provide for 
the predetermined time period before the motor 30 reaches the maximum allowable 
temperature. This motor 30 power assist value can be sent directly to the VSC 46 or 
the strategy can proceed to 108. 

[0025] For steps 1 04 and 106, the length of the predetermined time period can be based 
on vehicle operating conditions. For example, a time period of about 10 seconds can 
be used to represent the amount of time for a typical passing maneuver. Longer or 
shorter time periods can be used. 

[0026] At 1 08, the strategy determines the amount of power assist the battery 36 is able 
to provide. This can be accomplished using a battery 36 state of charge signal or 
other means known in the art. The battery 36 power assist value is compared against 
the motor 30 power assist value. The minimum of the battery 36 power assist value 
and the motor 30 power assist value is a maximum power assist value. The maximum 
power assist value can be transmitted directly to an available power assist gauge 1 16, 
known in the art, to the VSC 46, or the strategy can proceed to step 1 1 0, where the 
maximum power assist value is compared to a driver demand request. 

[0027] Following step 1 1 0. the strategy proceeds to step 1 1 2. At step 1 1 2, the strategy 
generates a signal to be communicated to the VSC 46 that is the minimum of either 
the driver demand request or the allowable power assist value. The strategy ends at 
step 1 1 4. 

[0028] The above-described embodiments of the invention are provided purely for 

purposes of example. Many other variations, modifications, and applications of the 
invention may be made. 
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